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ABSTRACT

A considerable amount of research has been devoted to subsonic vorti-

cal flows; however, the current understanding of supersonic vortical flows

is limited. Therefore, the objective of this work was to characterize the

effect of adding swirl to a supersonic jet. The motivation for this inves-

tigation is the desire to enhance supersonic mixing in order to provide

more efficient fuel injectors for supersonic combustion (scramjet) engines.

The vortical flow was created by tangential injection into a swirl

chamber ahead of a converging-diverglng nozzle. The amount of swirl was

varied by changing the number of tangential injection holes and with the

removal of the end piece, the Jet could be run without swirl. The exit

area to throat area ratio of the nozzle was 2 (nozzle exit was I" in

diameter), which provided a Mach 2.2 jet when run without swirl. The flow

exited as a free jet into the laboratory.

Shadowgraphy, conventional schlleren, and focusing schlieren were

used to obtain a qualitative understanding of the jet flow structure. The

vertical and horizontal knife edge orientations were both used with the

conventional and focusing schlieren systems. It was determined that an in-

crease in swirl produced an increase in the shear layer growth. More

quantitative results were obtained at a height of 5/16" above the nozzle

exit using a five hole pressure probe, a static pressure probe, and a total

temperature probe. The probes were calibrated in the no swirl case and the

flow angles, pitot pressure, static pressure, and total temperature were

measured directly. These data were employed to calculate various flowfield

properties, such as Mach number, total pressure, and static density. The

probe data were compared with theoretical calculations, which assumed

steady state, isentropic, axisymmetric, quasl-one-dimensional (radial

velocity is zero) flow in the nozzle and Raylelgh scattering from a laser

light sheet results. The probe data compared favorably with the theoreti-

cal calculations, except in the viscous core where viscous effects were not

considered negligible. These results verified that a supersonic vortical

flow was being created with a maxlmum helix angle of 33 ° .
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1.0 INTRODUCTION

Even though man has conquered the perils of flight, he continues to

push its limitations. Today, he desires to fly faster, farther, and higher

than ever before. Currently, this goal is the motivation behind the

National Aero-Space Plane (NASP), designated the X-30. This single-stage-

to-orbit (SSTO) aircraft would be capable of cruising for substantial

periods of time at hypersonic speeds (Mach number greater than 5) and

horizontal take-offs and landings. The current design calls for the

vehicle to be hydrogen fueled. I An artist's conception of this aircraft

is shown in figure i.I.

The development of the X-30 is restricted by a variety of parameters,

such as the availability of various materials and fuels, structural con-

cerns, and aerodynamic considerations. However, the Hypersonic Propulsion

and Experimental Methods Branches at NASA's Langley Research Center (LaRC)

are primarily concerned with the propulsion element. Turbojets and rockets

are two types of propulsion systems used in today's vehicles. It is

believed though, that the X-30 will employ a supersonic combustion

(scramjet) ramjet as its propulsion system. As early as 1960, engineers

realized that the scramjet would be a possible propulsion system for a hy-

personic vehicle, which is easily understood by considering figure 1.2. 2

Up to speeds of about Mach 3, the turbojet is the most efficient system.

In the Mach 2 to 6 range, a hydrogen-powered ramjet will operate satisfac-

torily. However at higher flight Mach numbers, if the engine's internal

flow speed is reduced to the subsonic regime, large losses in total pres-

sure will occur and there would also be an accompanying increase in the

static pressure. Therefore, a scramjet will provide lower static pressures

and temperatures, which are beneficial from a thermal and structural

standpoint.

In the mid 1960's, NASA began the Hypersonics Research Engine Project

(HRE). Its main objective was to examine the scramjet and determine if it

was a viable method of propulsion for a manned vehicle. This scramjet was



to be tested on the X-15 research airplane. However since the X-15 project

was cancelled in 1968, the HRE never reached the flight test stage, s,4

As a result of HRE and recent progress, the X-30 features an

airframe-integrated scramjet, shown in figure 1.3. This concept allows for

the scramjet to capture all of the compressed alr behind the bow shock,

which forms at the nose of the aircraft. This is necessary to obtain the

required thrust at higher flight Mach numbers. In thls case, the aft sur-

face can be used as a nozzle for the expansion and the forebody for the

inlet compression. 4

Due to its high energy content and ability to absorb large amounts of

heat per unit mass of fuel from the engine and airframe, hydrogen is the

fuel being considered for the X-30. Large fuel tanks would be required,

since hydrogen has such a low density. Therefore, it has been proposed

that slush hydrogen, 50% solid and 50% liquid, be used. 5 In scramJets

operating at high Mach numbers, the energy content of the fuel recovered

from the cooling of the aircraft is a large fraction of the net thrust. To

obtain the maximum thrust, it is desired to use parallel fuel injection. 6

However, at high speeds the mixing between coflowlng jets, air and hydrogen

in this case, has been shown to be poor. 7 For this reason, there is a

desire to both control and enhance mixing for scramjet combustion.

One method of mixing enhancement under investigation for wall-mounted

parallel injection involves the use of swept and unswept ramps. 8 The

trailing edges of the swept ramp configuration generated a higher degree of

vortlcity and entrainment, which produced an increase in mixing. It has

also been proposed that the mixing between the hydrogen jet and coflowing

supersonic air could be increased by introduction of a swirling component

into the hydrogen jet. This theory was first proposed by Swithenbank and

Chigier, ° who realized that the added kinetic energy provided by the tan-

gential velocity component might increase the turbulent intensity of the

swirling jet in the downstream direction. During this study, they also

outlined the characteristics of what is now known as vortex breakdown.

They reasoned that a region of reverse axial flow along the axis of the

vortex could be formed by the axial and radial pressure gradients that



resulted from the tangential velocity component. Subsonic vortical flows

and their associated phenomenon,such as breakdown, are better understood

as comparedwith the supersonic reglme. I° However, what little data is

available on supersonic vortical mixing flows is inconclusive at this

point.t1, 12

Therefore, a basic and fundamental understanding of supersonic vorti-

cal flows is needed. For this reason, a supersonic vortical flow apparatus

has been constructed. Tangential injection was used to create the vortical

flow. The apparatus was designed, such that the swirl strength could be

varied and the flow examined in a supersonic jet with an exit area to

throat area ratio of 2. Since this investigation was a basic fluid

mechanics study, air was used as the working fluid.

Various flow visualization techniques, such as shadowgraphy, conven-

tional schlieren, and focusing schlieren were used to examine the

supersonic jet. Results are shown for the overexpanded, matched, and un-

derexpanded conditions of the various swirl cases. These tests produced

results that were primarily qualitative. Therefore, miniature probes were

used to obtain quantitative results which could be compared with theoreti-

cal calculations and Rayleigh scattering from a laser light sheet. Is A

movable five hole pressure probe, static pressure probe, and total tempera-

ture probe were used to obtain data for the matched exit condition. These

data were employed to calculate other valuable flowfield properties, such

as Mach number, total pressure, and static density.



2.0 BACKGROUND

2.1 Vortical Flow Investigations

The following discussion is limited to compressible vortical flows.

This does include vortical flows with low axial velocity, such as those

which occur in Ranque-Hilsch tubes. Longitudinal vortices with a high

axial velocity, such as those found in supersonic wind tunnels and jets,

are also reviewed. A variety of authors, such as Leibovlch I°, have

reviewed low speed vortical flows and vortex breakdown.

2.1.1 Low Axlal Speed Compressible Vortices

In 1933 Ranque 14 created a subsonic vortical flow in a 0.47" diameter

cylinder. This vortical flow was produced by permitting compressed air to

enter the cylinder through a tangential nozzle. A turbulent rotating flow

exited through both ends of the cylinder. A diaphragm at one end permitted

only air from the inner region to escape through the diaphragm, while at

the other end of the cylinder the tube was throttled, permitting only the

outer region of the vortex to escape. This vortical flow had higher pres-

sure and temperature values at its outer region (throttled end) and lower

values at the inner region (diaphragm end). The highest obtained tempera-

ture difference was 158°F for 6 psig compressed air at 68°F. The lowest

measured inner region temperature was 10°F.

Then in 1946, Hilsch 16 constructed a vortex tube for the purpose of

obtaining a cooling process of maximum efficiency. Hilsch was able to show

that by varying the temperature, pressure, and flow rate of the compressed

air, the temperature of the inner and outer regions of the vortex could

also be varied.

At the University of Minnesota, Hartnett and Eckert 16 expanded on

Ranque and Hilsch's ideas and designed a vortex that was large enough so

that the intrusion of probes would not disturb the flow. The vortex had a

radius of 1.5". The majority of the data were obtained outside a radius of



0.5", since inside this region (r<0.5") the probe caused erratic results.

The cold end (diaphragm end) of the vortex tube was closed during their en-

tire investigation. The study included taking measurementsat various

radial and axial positions. They determined that the flow angles were not

affected by inlet pressure changes. The velocity and total temperature

measurementswere largest at the outer region. The minimumtotal tempera-

ture measurementsoccurred at the center of the flow and the minimum

velocity measurementswere located at a radial distance of 0.25" (no data

were obtained inside r<0.25"). Reverse axial flow was indicated in the

vicinity of a 0.75" radius. They compared the energy separation of the

vortex with a boundary layer and determined that the vortex flow value was

significantly larger. For an inlet pressure of 20 pslg and a maximum

velocity of 800 ft/s, the total temperature difference in the vortex was

80°F. However, for a flow at 800 ft/s over a flat plate, the total tem-

perature difference was II°F for the laminar boundary layer and 7°F for the

turbulent boundary layer.

Lay17 in the late 1950's, undertook an experimental and analytical

study of compressible flow in a vortex tube. The cold end of his 2"

diameter vortex tube was also closed for the entire investigation. Lay's

objective was to obtain a basic understanding of the pressure, temperature,

and velocity distributions of the vortex. A key difference in this study

was that the vortex tube was madeout of Lucite for the explicit purpose of

obtaining flow visualization results. However, the smokeflow visualiza-

tion was good only at low speeds. Lay verified and obtained many results

key to the understanding of vortical flows. The flow angle was found to be

independent of the inlet pressure. Tangential velocities were found to be

large and the maximumwas located towards the center of the vortex. When

comparedwith tangential velocities, the axial velocities were considered

small and concentrated near the wall in a small annular region. Magnitudes

of the velocity vector as high as 900 ft/s were obtained. Towards the cen-

ter of the vortex, the velocity results indicated a region of reverse axial

flow.



Also in the late 1950's, Savino and Ragsdale 18 designed two vortex

chambers. The uniqueness of their experiment was that the vortical flow

was accomplished by the use of swirl vanes. One of the vortex generators

created a compressible vortical flow. This generator operated at atmos-

pheric pressure in the inlet chamber and exited into a vacuum. The results

showed an axial variation in the total temperature; however, the primary

variation was in the radial direction. Therefore, these results showed

that the energy separation was either diminished or unaffected by the con-

fined axial flow channels and that the energy separation resulted from and

occurred in the initial portion of the vortex. This realization meant that

the temperature separation found in a confined vortex could be created

without the Ranque-Hilsch method.

Mandella and Bershader *_ studied a compressible vortex and its inter-

action with airfoils. The purpose of this experiment was to understand the

aerodynamics of rotary-wing aircraft at high angles of attack. An under-

standing of the generation and structure of the vortex interaction was

obtained by the method of pulsed holographic interferometry. The vortex

generator was a NACA 0018 airfoil at a 30 ° angle of attack. The velocity

of the vortex was held constant at 590 ft/s. The static radial pressure

distribution showed a sharp drop, up to a factor of 3, at the center of the

vortex. The static density also exhibited this same trend. However by use

of the perfect gas law, the static temperature variations were shown to be

smaller than the static pressure and density variations. The static den-

sity of the inner region was found to increase at downstream axial

locations and was accompanied by a moderate increase in spreading.

A detailed bibliography of the work done on the vortex tube from 1931

to 1953 is given by Westley. 2°

2.1 High Axial Speed Compressible Vortices

Gostlntsev, et al., 2. studied underexpanded supersonic jets exiting

from a sonic (convergent only) nozzle. The swirl was created by use of a

swirl generator, similar to a centrifugal injector with a tangential inlet,



immediately ahead of the nozzle. They were able to verify that the rota-

tion effect on the shock structure of the jet was similar to the effect of

a reduction in the overpressure ratio. The shock structure of a jet is

governed by the difference between the pressure at the exit of the jet and

the pressure of the surrounding region. If this difference is small, then

a limited shock wave is formed. An increase in the jet pressure causes the

shock wave to intersect the flow axis. If the jet pressure is again in-

creased, an X-shaped shock formed. Another increase in pressure causes a

dlsk-like compression shock to form perpendicular to the jet axis.

Their results showed that if the stagnation pressure was held con-

stant and the swirl magnitude was increased, the following occurred. At

low swirl rates, the straight jet configuration was maintained with the

disk-shaped shock moving closer to the nozzle. An increase in the swirl

rate caused a further weakening of the disk-shaped shock and a X-shaped

shock appeared as regular reflection. This X-shaped shock degenerated into

a weak shock wave of limited extent at the edge of the jet. Finally, they

verified the existence of a region of reverse axial flow with a velocity of

up to 328 ft/s. This observation was accomplished by taking photographs of

the motion of a luminous plasma filament created by breakdown between

needles of a spark gap.

At Virginia Polytechnic Institute and State University's Gas Dynamics

Laboratory, Swanson and Schetz I* examined the effects of swirl on the

mixing of a Jet injected into a parallel stream. The injectant was at sub-

sonic speeds and the freestream Mach number was 3.5. The swirling flow was

created using tangential injection and it represented 50% of the inJectant

mass flow. The other 50% of the inJectant mass flow was straight

(nonswlrling) flow. In order to prove that swirl was being produced by

tangential injection, helium was used as an inJectant. Tests were then run

with no external flow for both the swirl and no swirl cases. The spread

angle of the jet for the swirl case showed an increase, so it was decided

that swirl was being produced.

The total pressure and Mach number distributions for various axial

locations all showed Gaussian distributions. Schetz and Swanson argued



that the total temperature was constant throughout the entire jet, by plac-

ing the total temperature probe at the axial station x - 10d on the

centerllne and determining that the total temperature at this location was

the same as the settling chamber total temperature.

The schlleren photographs and the pitot pressure distributions showed

little change between the straight and swirling Jets. Therefore, they

decided that swirl was ineffective as a mixing aid. However, the Jet

velocity profiles at the point of injection were not measured, and the helix

angles may not have been very large. Also, the swirling flow had a low

axial Mach number, when compared with the freestream Mach number of 3.5.

D61ery, et al., 22 studied and compared subsonic and supersonic vor-

tices. A high axial speed compressible vortex was created by using a wing

with a swept leading edge. The angle of attack could be varied, which

would change the vortex strength. The wing was placed in front of a

converglng-diverglng nozzle. Therefore, a vortex was created and then ac-

celerated through the nozzle. For various freestream Mach numbers, nearly

axisymmetrlc vortices were obtained. Using the ratio of the maximum tan-

gential velocity and the axial velocity on the outer edge of the vortex,

the helix angle was calculated. A maximum helix angle of 20 ° was obtained

with an upstream Mach number of 1.75 compared with 13 ° for an upstream Mach

number of 2.28.

The interaction of the high axial speed compressible vortices with a

shock was also examined. It was determined that vortex breakdown could be

induced by the shock. A flve hole pressure probe and Laser Doppler

Velocimetry (LDV) were used to examine the flow. The theoretical inviscid

calculations, which were used to predict breakdown, compared favorably with

the experimental results.

An investigation examining the structure and effect of supersonic

vortices is on-going at The Pennsylvania State University. 12, 2s In their

first test, 2s the wind tunnel and vortex generator were both run at Mach 3.

The swirl was obtained by use of guide vanes. They used a variety of in-

trusive and nonintrusive techniques to characterize the interaction. The



tangential Machnumberresults showeda well defined vortex with a distinct

core. The static and total pressure decreased at the core of the vortex.

Metwally, Settles, and Horstman 12 continued the research to include a

vortex of Mach numbers 2.2, 3.0, and 3.5 injected into a Mach 2.0 flow.

They found that as the swirl rate was increased, changes in the structure

of the flow were noticeable. For the case of a Mach number of 3.0 and 93 °

guide vanes, a vortex with a maximum helix angle of 15 ° was created. The

interaction between the vortex and a shock produced changes in the static

pressure, tangential Mach number, and axial Mach number of the vortex.

After the interaction, all measured core values were approximately equal to

their respective freestream values. Finally, the experimental results were

compared with computational data and showed that improvements were needed

in the computational method.

The current investigation was an extension on the results presented

by Cutler and Levey. Is In their study, the supersonic jet was primarily

visualized using Rayleigh scattering from a laser light sheet. Their

results suggested that the vortical flow apparatus was functioning as

designed. Results were also presented, which showed an increase in the

shear layer growth with an increase in swirl. The presence of vortex

breakdown was suggested for the high swirl case at the overexpanded condi-

tion, because on the vortical flow axis condensation penetrated upstream

towards the jet exit.

As previously noted, there are a variety of ways to create a vortical

flow. The current desire to enhance mixing has accelerated the need to un-

derstand all types of compressible vortical flows. Therefore, even though

other studies are already underway that examine high axial speed compres-

sible vortical flows, _s this investigation was initiated. It is believed

that the method used in this investigation, tangential injection ahead of a

converging-diverging nozzle, would be superior in creating supersonic vor-

tex flows with high helix angles when compared with other methods, such as

guide vanes and delta wings.



3.0 VORTICAL FLOW APPARATUS

A supersonic vortical flow can be created in a variety of ways. One

technique is to place guide vanes in a converglng-diverging nozzle. This

method was not used, because if the guide vanes were placed in the super-

sonic region of the nozzle, they would produce a complex shock structure

and high flow angles would be difficult to obtain if the guide vanes were

placed in the subsonic region of the nozzle. Therefore, this investigation

used tangential injection into a chamber ahead of a converging-diverglng

nozzle to create a high axial speed compressible vortical flow. This

method was used by Escudier, Bornstein, and Zehnder 24 in their study of

vortex breakdown at low speeds.

The design of the vortical flow apparatus was not part of this

thesis; however, a description of the calculations that were used in the

design of this apparatus is given in Appendix A. A description of the vor-

tical flow apparatus is provided below.

The coordinate system of the vortical flow apparatus is shown in

figure 3.1. The vortical flow apparatus and nozzle contour are illustrated

in figures 3.2 and 3.3, respectively. Table 3.1 has the geometric and cal-

culated flow parameters for all the test cases. The vortical flow

apparatus was placed on the plenum chamber, which was part of an already

existing facility in building 1221C at NASA LaRC. The plenum chamber was

attached to a large air tank which could be pressurized to 600 psia. The

total pressure of the plenum chamber was controlled by a valve on the alr-

line between the plenum chamber and the 600 psia air tank and by varying

the air tank pressure. The air was injected at low speeds (M<0.2) from the

plenum chamber into the swirl chamber through the exposed tangentially

drilled holes. Thus, a subsonic vortical flow was created and then ac-

celerated through the converglng-diverging nozzle. The flow exited as a

free jet into the laboratory. The run time with this configuration was un-

limited, since the air tank could be filled as fast as the flow to the jet

emptied it.

I0



The number of exposed injection holes was varied by changing the in-

serts of the swirl chamber. An increase in the tangential velocity of

injection occurred when the number of exposed injection holes was

decreased. This resulted in an increase in vortex circulation. The ap-

paratus could be run without swirl, if there was no insert in the swirl

chamber.

The nozzle was designed with an exit area to throat area ratio of 2.

It is important to note that the diameter of the nozzle exit was only 1.0".

This was a factor in the design of the focusing schlieren system and mln-

iature probes. According to isentropic, quasl-one-dlmenslonal flow theory,

a Mach number of 2.2 in the axial direction would be obtained in the no

swirl case. The apparatus had four pressure taps that were located at the

exit and throat of the nozzle, in the swirl chamber (1.75" from the axis),

and in the plenum chamber. To verify that the apparatus was functioning as

designed, measurements at the pressure taps were compared with the

theoretical calculations and are shown in figure 3.4. The theoretical cal-

culations are explained in Appendix A and the experimental techniques are

described in Section 5.1.4. Based on the favorable comparison, it was con-

cluded that the apparatus was functioning properly.
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4.0 FLOW VISUALIZATION TECHNIQUES

The most common and simplest way to investigate a complex flowfield

is to employ one of the many flow visualization techniques. Shadowgraphy,

conventional schlieren, and focusing schlleren were used in this investiga-

tion. The vertical and horizontal knife edge orientations were both used

with the conventional and focusing schlieren systems. These methods

provided primarily qualitative results.

4.1 Experimental Method

Rayleigh scattering from a laser light sheet was used by Cutler and

Levey Is to obtain qualitative and quantitative results. The system used in

their investigation is illustrated in figure 4.1. Rayleigh scattering is

the elastic scattering of light off of molecules. During their investiga-

tion condensation formed in the shear layer, due to the mixing of the cold

dry jet air with the warm damp ambient air. In order to obtain static den-

sity measurements, the nozzle was modified and a concentric nozzle, which

provided a low speed coflowlng jet, was added. Condensation was therefore

absent from the shear layer until approximately I" from the nozzle exit.

The results from Cutler and Levey Is are used for comparison with the

results obtained in this investigation.

A brief historical overview of shadowgraphy, conventional schlieren,

and focusing schlieren is given below. Each overview is followed by a

detailed description of the experimental set up used in this investigation.

4.1.1 Shadowgraphy

Shadowgraphy is one of the oldest and simplest flow visualization

techniques. It was first discovered in 1880 by Dvorak. Shadowgraphy can

be seen in a variety of day-to-day observations. For instance, dark lines

and bands appear with the shadow of a window on a sunny day. However, if
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the window is opened the bands disappear. These lines and bands make-upa

shadowgraphand are due to the heterogenelties in the window.25

This can easily be reproduced in a laboratory experiment. As light

passes through a medium of varying density, it is deflected in proportion

to the density gradient. If the density gradient is constant, the light

intensity at the film will be constant, because all of the light rays will

be deflected the same distance. However, if the density gradient Is not

constant, the light intensity at the film will vary due to the variation in

the deflection of the light rays. If the density gradient is decreasing,

the light rays will converge and cause an increase in illumination at the

corresponding location on the film. Whereas if the density gradient is in-

creasing, the light rays will diverge and cause a decrease in illumination

at the corresponding location on the film.

Shadowgraphy is an excellent way to observe general trends of a flow.

However, there are a few shortcomings with this technique. Quantitative

measurements of density are rarely obtainable. Since shadowgraphy shows

the double derivative of density, it is likely error would be obtained in

executing the double integral. Shadowgraphy also suppresses the finer

details of the flow, because the image of the flow is defocussed as a con-

sequence of the deflections of the light rays. Thls is a brief description

of shadowgraphy and more information is available in a variety of

references. 2s's°

The shadowgraphy system used for this experiment is shown in figure

4.2a. This particular set up was chosen due to the proximity of the Jet to

the wall and other laboratory equipment. The light source was an air gap

spark with a i mm source. Both mirrors used in this system had a 6"

diameter and 48" focal length. A Hasselblad 500 EL camera with a 17.5" fo-

cal length was used to capture the image. Kodak 70 mm Tri-X film which

came in 15 ft rolls was used. A 4.25" by 3" field of view was available

with this arrangement.

13



4.1.2 Conventional Schlieren

Schliere is a German word which refers to a local inhomogeneity in a

transparent medium, which causes an irregular light deflection. Therefore,

a conventional schlleren system intercepts deflected light, and produces an

image which has lighter and darker points. This set up was first dis-

covered by Foucault (1859) and Toepler (1864).

The set up is similar to shadowgraphy. Light, collected in a paral-

lel beam, is directed towards and passes through the test section. The

light source should be a point source or a narrow slit parallel to the

knife edge. The parallel light is then focused onto a screen. Where the

density varies in the test section, the parallel light rays will be

deflected and not pass through the focal point. At the focal point, a

knife edge is placed to eliminate the deflected light rays. Without the

deflected rays, the obtained image has a variation in illumination that is

proportional to the deflection and consequently the density gradients.

The major qualities of a conventional schlieren system are the sen-

sitivity and resolution. The sensitivity is defined as the angle change

causing a 10% change in the image brightness and is given byS1:

, 20,626h
arcsec (4. I)

m B

_min L

The resolution for a conventional schlleren system is defined as the dis-

tance, which must separate two points in order to make them distinguishable

and is limited by the aperture diffraction of the focusing lens.

Therefore, the resolution is given byS1:

l #

, 1.22(1 L )A
w - (4.2)

mA3

The resolution can also be affected by other factors, such as the film

quality.

It is possible to obtain the density gradient in any direction by

properly rotating the source and knife edge. It is most common to obtain

the density gradients that are parallel and normal to the flow. A more
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detailed description of the conventional schlieren technique has been given

by a variety of authors. 25"sI

The conventional schlieren system used in the current investigation

was identical to the shadowgraphy system except for the knife edge. The

knife edge was 6" in front of the camera lens as shown in figure 4.2b. The

primary characteristics of this set up were the sensitivity, resolution,

and field of view. The sensitivity was 8 arcsec and the resolution was

0.006". The maximum obtainable image was the same as the shadowgraphy sys-

tem, 4.25" by 3". The knife edge was used to obtain density gradients both

normal (vertical) and parallel (horizontal) to the flow.

4.1.3 Focusing Schlieren

Weinstein sl has recently rediscovered the focusing schlieren system.

A better understanding of focusing schlleren can be obtained by examining

single and multiple images. The field of view is small and the beam is not

collimated if light comes from one point at the source. However, if a

closely spaced planar distribution of source points is used, each point in

the flowfield will be illuminated by light from the several source points.

Multiple overlapping images, one for each source point, will construct the

final image. One focus position exists for each flowfield distance which

will cause the flow features to be focused at the image plane. Changing

the image plane location causes different regions of the flowfleld to be

focused.

The three main qualities of a focusing schlleren system are sen-

sitivity, resolution, and depth of focus. The sensitivity is defined in

Section 4.1.2, but for a focusing schlieren system it is given by31:

20,626hL
-. , arcsec (4.3)

_min L (L - I)

The resolution is defined in Section 4.1.2 and for a focusing schlieren it

is limited by the diffraction of the cutoff grid. Therefore, the resolu-

tion is given byS1:
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2(1 - L )_

w - mb (4.4)

The resolution can also be affected by the imaging lens and quality of the

film. The angle subtended by the effective aperture to the flowfield is

the governing factor for the depth of focus. The difference in the depth

of focus between focusing and conventional schlieren is in the definition

of the effective aperture. For conventional schlieren the effective aper-

ture is defined as the image of the source; whereas, for focusing schlieren

it is defined as the imaging lens aperture. A depth of sharp focus is

defined as the depth at which the resolution of the optical set up and film

is exceeded by the loss of resolution due to being out of focus. A depth

of sharp focus is consequently given by31:

W

DS = 2R w (4.5)

A depth of unsharp focus is defined as the depth at which a selected

threshold (smallest desired detail in flowfield) is exceeded by the loss of

resolution due to being out of focus. Since 0.079" was chosen as the ef-

fective size for unsharp features, the depth of unsharp focus is given

byS1:

f

DU - (0.157R)" (4.6)

Once the characteristics of the focusing schlieren system have been

decided upon, the proper equipment needs to be chosen. Trade-offs are

necessary between such characteristics as: sensitivity, resolution, depth

of focus, and field of view. The lens is chosen, such that it provides the

desired characteristics of the focusing schlieren system. The cutoff grid

selection is a little more difficult. The cutoff grid has to meet three

requirements: sufficient sensitivity to examine desired flows, produce a

smooth image, and provide sufficient resolution. In addition, fine adjust-

ments in focus and cutoff have to be made, so the receiving optical

components have to be adjustable.

The small depth of focus desired was the limiting quality in choosing

the components for the current focusing schlieren system. Since the jet

16



diameter was only i", a narrow depth of focus was needed to make this tech-

nique useful. If the depth of focus is not small enough, there will be

little distinction between the conventional and focusing schlieren results.

A variety of set ups were tried; however, the desired results were

not obtained until the system shownin figure 4.3 was used. The Quantel YG

581 (frequency doubled and Q-Switched Nd-Yag) laser was chosen as the light

source. The pulses were short (i0 ns) green pulses. The energy of a pulse

was attenuated to 5 mJ to give a good exposure. The diffuser and Fresnel

lens #I (8.5" focal length) were chosen so that the proper amount of light

was directed over the field of view. A source grid was madewith clear

lines 0.025" wide and dark lines 0.075" wide. A video projection lens (18"

focal length with 4.5" clear aperture) was used in this set up. Fresnel

lens #2 (8.2" focal length) was located beyond the direct image and was

used to refocus the light reaching the direct image. This combination

served as a reducing relay system. An 80 mmf/2.8 lens with a +4 close-up

lens on a Hasselblad camerawas used to capture the image. Kodak Tri-X

70 mmfilm on 15 ft rolls was used.

The sensitivity for the focusing schlieren system was 16 arcsec,

which was double the angle for conventional schlieren system. This value

was selected to give a larger dynamic range than the conventional schlleren

system. The resolution was 0.003" The depth of sharp focus was 0.04" and

the depth of unsharp focus was approximately I", which was the minimum

usable depth for the current test. This set up produced a field of view of

3" by 3" The focusing schlieren system was able to meet the requirement,

such that the depth of focus was smaller than the diameter of the jet, so

as to show interior details.

4.2 Results

Shadowgraphy,conventional schlieren, and focusing schlieren results

are presented in figures 4.4-4.18. The results are presented by the flow

visualization technique and exit condition. For example, the shadowgraphs

for the matched condition of the various swirl cases are shownin figure
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4.5. Only the no, medium, and high swirl cases (refer to table 3.1) are

presented. These results show the trends of the flow and the presentation

of other swirl cases would not add to the discussion.

4.2.1 Matched Exit Pressure

The effect of swirl on the mixing of a supersonic jet is best shown

by examining the growth rate of the shear layer for the matched exit pres-

sure condition. The growth and structure of turbulent shear layers has

been examined recently. 32,ss Results have shown that the spreading of a

turbulent shear layer between a supersonic stream and a stream at rest is

less than in the incompressible case. It has also been shown that with an

increasing freestream Mach number, the spreading rate decreases. It is

believed that by adding swirl to the flow, the growth rate of the shear

layer will increase.

Papamoschou and Roshko 32 collapsed a substantial body of data for the

spreading rate of a shear layer between streams of different speed, den-

sity, 7, etc. by graphing the normalized shear layer growth rate as a

function of the convective Mach number. The normalized shear layer growth

rate is defined as the compressible shear layer growth rate divided by the

incompressible shear layer growth rate. The convective Mach number is

defined as the Mach number in a frame of reference convecting with the

velocity U c, which is assumed to be constant.

Images from focusing schlieren with a horizontal knife edge and

Rayleigh scattering from a laser light sheet were used to obtain the com-

d6

presslble shear layer growth rate, _-_. The images from focusing schlieren

with a horizontal knife edge are shown in figures 4.17 and 4.19. The

Rayleigh scattering images from a laser light sheet are shown in figure

4.20 and a detailed discussion of this technique is given by Cutler and

Levey. 13 The Rayleigh scattering images show laser light sheet scattering

from the submlcron ice particles or clusters, which formed due to the

mixing of the warm damp ambient alr and the cold dry Jet air in the shear
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layer. The shear layer growth rate was obtained for the no swirl case by

drawing straight lines tangent to the edge of the shear layer, whose growth

was expected to be linear, and measuring the growth of the shear layer

width. This was done from a height of 0.5" above the nozzle exit to an

area where the shear layer was still visible. This resulted in a measure-

ment region of about 2" for the focusing schlieren with a horizontal knife

edge and about 1.25" for the Rayleigh scattering from a laser light sheet.

The two shear layers, one on each side of the jet, were both measured and

d6

an average value was calculated. So, _-_ - 0.06 for the focusing schlieren

d6

with a horizontal knife edge and _-_ - 0.08 for Rayleigh scattering from a

laser light sheet. An uncertainty of ±33% was estimated for these values

due to the ambiguity in drawing the tangent lines. The incompressible

shear layer growth rate was calculated using the formula provided by

Papamoschou and Roshko s2 and the simplification that U I - 0 for this inves-

tigation:

(4.7)

Therefore, for this investigation - 0.29. This gives a normalized
i

shear layer growth rate of 0.20 for focusing schlieren with a horizontal

knife edge and 0.26 for Rayleigh scattering from a laser light sheet. The

normalized shear layer growth is graphed as a function of the convective

Mach number, given by the expression of Papamoschou and Roshko32:

Uh + U I

M - (4.8)
c ah + aI

In this investigation, Mc - 0.90. The two data points are plotted in

figure 4.21 with data previously obtained by Papamoschou and Roshko. 32 The

data from this investigation agreed favorably with the previous data. The

data showed that the no swirl case was slow to mix, when compared with in-

compressible data.
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To see the effects of swirl on the compressible shear layer growth

rate, the growth rate is graphed against the helix angle extrapolated to

the edge of the nozzle (the angle in the Jet at the jet/ambient air inter-

face at the nozzle exit). In fact, the calculated values of the helix flow

angle, determined as described in Appendix A, were used for convenience

since the calculated and measuredhelix angle agreed favorably at the edge

of the nozzle. The compressible shear layer growth rate for the other

swirl cases was determined by the samemethod employed in the no swirl

case. These results are shownin figure 4.22 and show an increase in the

shear layer growth rate with an increase in swirl. The Rayleigh scattering

from a laser light sheet images showedthat the high swirl case had a shear

layer growth rate 4.5 times that of the no swirl case. The shear layer

growth rate for the high swirl case was found to be 4.3 times that of the

no swirl case using the images from focusing schlieren with a horizontal

knife edge.

By measuring the shear layer growth rate, the flow visualization

techniques provided somequantitative results; but flow visualization tech-

niques primarily provide qualitative results. Therefore, the qualitative

results from the various swirl cases at the matched exit pressure condition

are presented below. In the no swirl case a complex system of weak shocks

and waves emanating from the nozzle lip was visible above the nozzle exit

(figure 4.5a, 4.11a). The system of shocks and waves was due to the dis-

continuity at the nozzle lip and mayhave been madeworse by the fact that

the nozzle was not designed by the method of characteristics for one-

dimensional flow. This system of shocks appeared to be more or less absent

for the swirl cases (figures 4.5b, 4.11c, 4.17b). In the swirl cases, the

sharp radial density gradients seemedto indicate the presence of a low

density region near the center of the vortical flow (figures 4.14b,c).

Also at the top of the field of view, the shear layers appeared to have

merged and the flow was less structured (figures 4.8b,c). The radial den-

sity gradients were also more uniform in this region. The Rayleigh

scattering images presented by Cutler and LeveyIs agreed with manyof the

results discussed above. Their results showeda system of weak shocks and
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waves emanating from the nozzle lip for the no swirl case. The swirl cases

showeda region of low density at the center of the vortical flow.

Therefore at the matched exit condition, swirl was shownto cause an in-

crease in the shear layer growth rate and eliminate the system of weak

shocks and waves emanating from the nozzle lip.

The flow visualization techniques used in this investigation provided

the desired results; but each technique did have someshortcomings.

Shadowgraphyprovided preliminary results on the effect of swirl on a su-

personic Jet. However, manyof the finer details were suppressed.

Conventional schlieren showedsomeof the details, such as shock structures

and low density region of the vortical flow, that were not visible in the

shadowgraphs. However, the focusing schlieren provided the most critical

results for this investigation. The images from focusing schlieren with a

horizontal knife edge showedthe shear layer. Therefore, the flow

visualization techniques added to the understanding of how swirl affects a

supersonic jet.

4.2.2 Effect of Mismatched Exit Pressure

When the vortical flow apparatus was run at the overexpanded condi-

tion, atmospheric pressure greater than the nozzle exit pressure, it was

believed that a conical shock would emanate from the nozzle exit. This

condition would compress the flow and perhaps cause vortex breakdown, which

is similar to the way in which vortex breakdown is induced in confined tube

studies at low speeds, s4 In these studies, an adverse pressure gradient is

created by an expansion in the tube, which causes the breakdown. The

results obtained from the overexpanded condition are discussed below and

compared with the results of Metwally, Settles, and Horstman. 12

No data were obtained for the overexpanded condition of the no swirl

case; therefore, no direct comparison between the no swirl case and the

other swirl cases is made. In both the medium and high swirl cases, sharp

radial density gradients were visible for only a short distance above the

nozzle exit (figures 4.7a,b). The disappearance of these radial density
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gradients seemedto indicate that vortex breakdown occurred. Metwally,

Settles, and Horstman*_ proposed a hypothetical flow model for supersonic

vortex breakdown, that is illustrated in figure 4.23. This was done by in-

spection of schlleren images of a vortex with streamwise Machnumbers of

2.2, 3.0, and 3.5 embeddedin a Mach2.0 flow. This model is comparedwith

the images from focusing schlleren with a horizontal knife edge for the

mediumswirl case (figure 4.16a). These results showeda conical shock

emanating from the nozzle, which is consistent with the hypothetical model.

Also, a bubble shock appears just above the nozzle exit in the model, which

was also apparent in the images from focusing schlieren with a horizontal

knife edge. In the hypothetical flow model there is a stagnation point

downstreamof the bubble shock. This assumption comes from the analysis of

similar types of flow, such as supersonic flow over a counterflowlng sonic

jet. In this flow, a stagnation point exists after the shock wave. In the

hypothetical flow model, there is also a region of recirculation, which may

be responsible for the stagnation point. This region of recirculatlon is

suggested by the formation of a recompresslon shock downstream, which sug-

gests that the outer region has expandedover a bubble-shaped displacement

and is then recompressed. By analogy with incompressible vortex breakdown,

it is assumedthat the bubble-shaped displacement is really a recirculatlon

bubble. A recompression shock was visible in the images from focusing

schlieren with a horizontal knife edge. However, the existence of a recir-

culation region cDuld not be confirmed by the flow visualization analysis.

Cutler and Levey.3 obtained evidence which suggested vortex breakdown for

the high swirl case. Condensation penetrated to the core of the vortical

flow and movedupstream towards the jet exit. Therefore at the overex-

panded condition, it is suggested that vortex breakdown occurred.

At the underexpandedcondition, exit pressure greater than atmos-

pheric pressure, data were only available for the no and mediumswirl case.

The no swirl case had a pyramid shock structure at the nozzle exit (figure

4.6a) and for the mediumswirl case, the shock structure had disappeared

except for a few shocks that were visible at the nozzle exit (figure 4.6b).

A shear layer was visible in the images from focusing schlieren with a
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horizontal knife edge (figures 4.18a,b). However for the mediumswirl

case, the vortical flow remained structured and the sharp radial density

gradients were visible throughout the field of view (figure 4.18b). These

sharp radial density gradients seemedto indicate a region of low density

near the center of the vortical flow. Therefore at the underexpandedcon-

dition, the major effect of adding swirl to the supersonic jet was to

eliminate the pyramid shock structure.
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5.0 INTRUSIVE MEASUREMENT TECHNIQUES

Flow visualization techniques provide primarily qualitative results.

Other measurement techniques are required if precise quantitative results,

such as flow angles, pressure, and temperature are desired. In this inves-

tigation, a five hole pressure probe, a static pressure probe, and a total

temperature probe were used. All desired flowfield properties were either

measured directly or derived from the data obtained by the three probes. A

major concern when using probes is the disturbance of the flow, for this

reason miniature probes were used.

5.1 Experimental Method

A brief historical overview of the five hole pressure probe, static

pressure probe, and total temperature probe follows. After each overview,

a detailed description of the probe used in this investigation is given.

A description of the data aquisition system and methods of data reduction

is also provided.

5.1.1 Five Hole Pressure Probe

The basis of the five hole pressure probe is that the pressure varia-

tion on a conical probe can be related to the Mach number, total pressure,

and velocity direction at the probe. With the five measurements from the

pressure taps and a suitable calibration, the Mach number, total pressure,

and flow angles of supersonic flows can be determined. There are problems

which arise in the development of the five hole probe. Trade-offs must be

made in designing the apex angle of the cone. A large angle provides in-

creased sensitivity to flow direction; whereas, a smaller angle minimizes

the disturbance created by the probe.

Raney 35 was able to measure the flow direction in various supersonic

wind tunnels with a 15 ° conical probe, 90 ° conical probe, and 90 ° pyramidal
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probe. Centolanzi se then used a 40 ° cone to measure the Mach number, total

pressure, and flow angles of supersonic flows.

Andrews and Sawyer 3_ used these results to design their 60 ° included

angle conical probe. Their probe was used in flows with Mach numbers up to

4.32. The probe calibration consisted of varying the pitch and roll

angle. They noted that because of the small tubing dimensions, the length

of the tubing to the manometers should be short to minimize the time lag

effects. At the higher Mach numbers, they obtained larger errors in the

calculation of the local Mach number and total pressure. This was due to

the insensitivity of the cone surface pressure to higher Mach numbers.

Nebbling and Bannlck s8 designed a five hole pressure probe with a

conical head. This probe had a 0.14" outer diameter (O.D.) with each pres-

sure orifice having an O.D. of 0.012" This probe traversed the Mach 2.94

flow by the use of three stepping motors, which allowed for movement in

three directions. The pressures were measured with Statham pressure

transducers, which needed settling time before the results could be re-

corded.

Gaillard s_ used a miniature five hole pressure probe in flows with

Mach numbers up to 2.6. The probe had an O.D. of 0.06" with a 60 ° included

cone angle. Gaillard studied the effect of drilling the orifice taps

parallel to the probe axis and normal to the cone surface. He determined

that with the orifice taps normal to the cone surface, the five hole pres-

sure probe provided more accurate results. This probe was used to take

velocity measurements in a vortex flow.

Marquart, et al., 4° designed a miniature five hole pressure probe to

measure the flow properties of a boundary layer. Their first attempt was

to braze five 0.022" O.D. tubes together, but it was decided that a stur-

dier probe was needed. They then designed a single piece five hole probe

made from Inconel 600. The five holes were drilled through the Inconel 600

and then the steel was elongated to obtain the desired O.D. Tip diameters

as small as 0.03" were obtained by this process.

The design of the five hole pressure probe was part of this thesis.

However after the design of the probe was completed, it was determined that
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a similar probe had already been manufactured, so it was used in this in-

vestigation. The probe is illustrated in figure 5.1. The literature

review suggested an included cone angle of 40 ° or 60 ° . This five hole

pressure probe had an included cone angle of 51.3 ° . Since both included

angles, 40 ° and 60 ° , provided desirable results in previous investigations,

it was decided that an included cone angle of 51.3 ° was sufficient.

Andrews and Sawyer 37 designed a five hole pressure probe based on the O.D.

of the probe. Their dimensions were used to decide if the probe used in

this investigation was suitable. The center hole should have a diameter of

0.01"; however, the probe used in this investigation had a diameter of

0.006". The results of the no swirl case, shown in Section 5.2.1, indi-

cated that this was not a problem. The four side holes had a diameter of

0.005". This design agreed with the probe of Andrews and Sawyer, sT which

also suggested a diameter of 0.005" The side holes were drilled parallel

to the probe axis. Gaillard 39 showed that the probe error was reduced by

drilling the side holes normal to the cone surface. Another probe was con-

structed with the side holes drilled perpendicular to the cone surface, but

this probe provided poor results. These poor results were believed to have

been caused by the poor probe construction. The side holes should be

spaced at 90 ° intervals around the cone. However, the two holes that were

used to calculate the helix angle were separated by approximately 175 °

5.1.2 Static Pressure Probe

Static pressure is defined as the pressure measured by an instrument

moving at the velocity of the flow. Over time, the design of static pres-

sure probes has become extremely reliable. However, attention needs to be

focused on the details of the probe during design and manufacturing. The

probe typically consists of a small included cone angle with a number of

holes equally spaced around the tip of the probe. This allows for an

average static pressure to be recorded.

The size of the holes on the static probe is of particular impor-

tance. A trade-off is required between the diameter of the holes and the
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response time. Rayle41 stated that the holes must have a small corner

radius. This prevents errors that arise from having the flow streamlines

deflect into the hole. It was also determined that as the hole diameter

increases so does the error. However, Peto and Pugh4_ more closely ex-

amined the effects of the hole size on the pressure measurements. They

determined that the response time could be increased by increasing the

hole's diameter. This increase had a minimal effect on the error. In this

case, the holes were located near the nose of the body. Peto and Pugh also

confirmed the conclusion of Liversay, et al., 43 that burrs and dirt in the

holes increase the error.

Pickney 44 used these results to set his criteria for a static pres-

sure probe. Pickney's goal was to create a probe that was insensitive to

the probe angle of attack and had holes close to the nose. He performed a

numerical analysis on a variety of probe geometries and compared these to

experimental results. He determined that a conical static pressure probe

with a I0 ° cone-tip half-angle and a 1.5 ° tangent cone half-angle would be

the least sensitive to Mach number.

The freestream static pressure can be obtained from the complex flow-

field, which occurs over the conical tip of the static pressure probe. As

the flow passes over the conical tip, it becomes compressed and an oblique

shock is formed. The static pressure is increased as it crosses the

oblique shock. The flow is then expanded as it passes over the probe's

shoulder. The expansion fan causes a decrease in the static pressure. If

the decrease in static pressure through the expansion region is equal to

the increase across the oblique shock, then the true freestream static

pressure is measured.

The static pressure probe designed for this investigation was based

primarily on information from Pickney 44 and Lagen. 45 The probe is il-

lustrated in figure 5.2. A piece of 304 stainless steel tubing with an

O.D. of 0.06" and an I.D. of 0.04" was used to make the static pressure

probe. The probe tip was a solid piece of 304 stainless steel, which was

brazed into place.

a diameter of 0.01".

The cone angle was 39.5 ° and each of the four holes had

The desired tangent cone half-angle was 2 ° , but due
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to manufacturing difficulties, a value of 1.74 ° was accepted. This same

magnitude of error was tolerable for the other dimensions, due to the mini-

aturization of the probe and the problems incurred in making it.

5.1.3 Total Temperature Probe

Static temperature is defined as the temperature indicated by a ther-

mometer traveling at the velocity of the flow. It is impossible to measure

this quantity with an intrusive probe in a stationary frame of reference

once compressibility effects take place (M>0.3). Therefore, the total tem-

perature is measured in supersonic flows. This is the temperature of a

flow brought to rest adiabatically. However, the extent to which a probe

indicates this temperature is dependent on the conductivity and configura-

tion of the probe along with the flow conditions.

The static temperature can be related to the total temperature by the

equation for steady flow of a perfect gas with no loss or gain of energy:

r'U 2

T o - T + 2Cp (5.1)

If the flow was brought to rest adiabatically, the recovery factor is equal

to i and the kinetic energy of the flow would be completely recovered. In

reality due to radiation and conduction losses, this is not possible. So

the recovery factor is generally less than one and the probe indicated tem-

perature is between the static and total temperature.

Stodola 46 was one of the first to measure the temperature of high

speed flows. He used a mercury thermometer to measure the temperature drop

along the axis of a nozzle. He incurred errors and determined that the su-

perheated air was not reaching its theoretical temperature.

However around 1940, Franz 4T made a major discovery and designed the

first total temperature probe. He initially used a mercury thermometer in

subsonic flow supercharger investigations and also obtained poor results

with this set up. Therefore, he decided to use a thermocouple at the stag-

nation point of a hemisphere to measure the temperature. This led to a new
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total temperature probe, an enclosed thermocouple or thermometer.

Therefore, Franz showed that radiation and conduction needed to be mini-

mized to reduce the error.

At about the same time, Wimmer 4s tested various probe arrangements,

changing the distance of the thermocouple from the entry hole. However,

without any vent holes the highest recovery factor he obtained was 0.95.

Hottel and Kalitinsky 49 also researched temperature probe designs.

They experienced difficulties in reproducing Franz's results and determined

that it was related to the instability of the diffuser. Therefore, they

designed a probe where the distance from the bead and the rear chamber wall

could be adjusted. The vent hole openings were also adjustable.

Hottel and Kalitinsky had placed the vent holes ahead of the ther-

mocouple bead. Malmquist 5° had difficulty in reproducing their results.

He attributed this difficulty to the placement of the vent holes. It was

discovered that the vent holes should not be placed in front of the bead,

because there would be varying currents of air around the bead. He also

determined that a large probe diameter produced more desirable results and

the entry hole area should be 3 to 6 times larger than the vent hole area.

Goldstein and Scherrer 51 used a 1.0" O.D. probe in flows up to Mach

2. This large diameter probe had a recovery factor of 0.99. Their em-

phasis was focused on minimizing the internal boundary layer by maintaining

a high Reynolds number in the stagnation chamber. This would keep to a

minimum the effects due to radiation and conduction. They determined that

the entrance area should be 2 times the area of the vent hole for Mach 1.5

flows; however, the Mach number did not significantly affect the recovery

factor. The probe was insensitive to the yaw angle up to ±9 ° . Winkler s2

also determined that as the Reynolds number increased, the recovery factor

increased. He found that the entrance area to vent area ratio should be

between 4 and 5.5.

Haig 6s designed a probe for use in Mach 0.2 to i flows by use of an

analytic procedure. Haig assumed that there were three independent sources

of error: velocity, radiation, and conduction. These independent errors

determined how accurate the probe's results were. The size of the vent
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holes was determined by assuming that the freestream static pressure was

equal to the static pressure at the exit of the vent holes. Halgts probes

had a maximumerror of 0.2°F for 100°F flows.

In this investigation a type T (copper constantan) thermocouple was

used, since cold dry air was used as the working fluid. The temperature

probe is illustrated in figure 5.3. The thermocouple was shielded by a

0.06" O.D. (0.05" inner diameter (I.D.)) thin wall 304 stainless steel

tubing. The tubing was made by the Accu-Tube Corporation. The two vent

holes were separated by 180 ° and were 0.02" in diameter. An entry to vent

hole area ratio of 6.25 was obtained.

It was desired to have the thermocouple bead centered in the sheath

and in front of the vent holes. The 0.025" diameter bead should have been

located 0.025" in front of the vent holes. However after testing, it was

noticed that the bead had become lodged in one of the two vent holes.

Therefore, the flow was not uniform over the bead. Since the bead may have

been touching the sheath, heat conduction could have caused the bead to

read a temperature other than the total temperature of the flow. These

problems are discussed further in Sections 5.2.3 and 5.3.3.

5.1.4 Data Aquisitlon System

A block diagram of the data aquisition system is shown in figure 5.4.

As was previously mentioned, the total pressure of the plenum chamber was

manually controlled by varying the pressure on the incoming airline to the

vortical flow apparatus. A 286 personal computer (PC) was used for all

other control and data aquisition. An IEEE-488 Instrument Interface card

was used to communicate with the probe motion controller, data aquisltion

unit, and printer. High Tech (HT) Basic was used to write the software for

the data aquisitlon unit and probe motion controller. The data was avail-

able in real time either on screen or as a printout on a dot matrix

printer. Also, real time monitoring of the probe's movement was possible

with a camera and video monitor. A helium-neon laser and a microscope ob-

jective lens provided a point source and the shadow of the probe was

30



observed on a piece of graph paper, allowing detection of any probe move-

ment. The data was stored on the PC hard disk drive and then data

reduction was carried out on the PC with HT Basic. The data were then

transferred to a floppy disk and by use of the phone lines (RS 232) and

Procomm, the data were sent to a Macintosh, where they were graphed.

A Hewlett Packard (HP) Model 3497A Data Aqulsition/Control Unit

(3497A) with a 44421A 20 Channel Guarded Aqulsltion Card was used to ac-

quire the voltage readings from the pressure transducers. The pressure

transducers were placed at various locations on the vortical flow apparatus

and were also used with the pressure probes. The transducers were made by

various manufacturers, B&H, T Hydronic, MB Allnco, Statham, and Dynisco,

and calibrated at Wyle Laboratories in Hampton, VA. The pressure

transducers were tested in the laboratory set up and if the expected pres-

sures were not obtained, the pressure transducers were recalibrated on-

site. The temperature readings were obtained manually using a Fluke 2190A

Digital Thermometer, Fluke 2300A Scanner, and a Fluke 2030A Printer.

A Klinger system was used to manipulate the probes. A Klinger CD4

Programmable Controller for stepping motors with an IEEE interface was used

to control the movement of the probes. Two stages were employed, a trans-

lation and a rotational stage, both driven by a stepping motor. The probe

movement in the radial direction was accomplished with the translation

stage, which had a I00 mm range with lO#m step size. The rotational stage

was used to allgn the probe with the flow (helix angle) and had a step size

of 0.01 °. Figure 5.5 shows a photograph of the vortical flow apparatus

with the mount used for the probes, translation stage, and rotational

stage. This mount was designed by the Facilities Engineering Division at

NASA Langley.

5.1.5 Data Analysis

The intrusive measurement techniques provided by direct measurement

the pitot pressure, flow angles, static pressure, and total temperature.

These measured quantities were used to calculate other flowfleld
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properties, such as Machnumber, total pressure, and static density. The

formulas employed to calculate these properties are given below and can be

found in Liepmannand Roshko.=8 The Machnumber, M, was determined from

the Rayleigh supersonic pitot formula:

(7.1)]i/(v-1)
p [(72--7+1)M2 _7--/_J

Po2 [_ M217/(7-1) (5 2)

In order to obtain the Mach number, the Rayleigh supersonic pitot formula

was rearranged and solved with a tolerance of 0.001 using the fixed-point

iteration method:

2 (7-1)]1/7]1/2" (7+l)J
(5.3)

The total pressure in the flow was then calculated from the Mach number and

pitot pressure:

27 M2Pol - Po2 (71)]I/(7-I)I1 (7-1) 17/(71)

+ 2 M2

(7+1) M 2
2

(5.4)

For the no swirl case (where there was no viscous core) it was thought

reasonable to assume that Po was unchanged from the plenum chamber condi-

tion. Mach number in this case was therefore also calculated using formula

5.4, which was slightly rewritten to employ the flxed-point iteration

method with a tolerance of 0.001:

II]IM - [PoJ " (7+l)j .2 - 1 (5.5)

The static pressure was then calculated using formula 5.2. The circles on

all derived results represent the values obtained using the static pressure

and pitot pressure; whereas, the triangles represent the values derived

from the total pressure of the plenum chamber and the pitot pressure. The
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Machnumberbased on sonic conditions, M*, was calculated from the Mach

[_+ (v-l)]

number :

Data was presented in terms of M* rather than M. Since with M* the

velocity is non-dimenslonalized on a , which is dependent only on T ;

whereas M is non-dimenslonalized on a, which depends on T. M*x (axial

velocity) is the axial component of M*:

M* - M'cos0
x

* (tangential velocity) is the tangential component of M*:M8

M 0 - M*sln0

(5.6)

(5.7)

(5.8)

The freestream static temperature was calculated using the freestream stag-

nation temperature and Mach number:

T
o

(5.9)
T- (v-l) M2

I+_

The freestream density was then calculated using the ideal gas relation:

P

a - _ (5. i0)

5.2 Probe Calibration and Check Out

It is desirable to calibrate a probe in a facility in which the flow-

field properties are known and predictable. This method allows the probe

imperfections to be separated from those of the testing facility. However,

such a facility was not available for the probes used in this investiga-

tion. Therefore, the probes were calibrated in the no swirl case at

x - 5/16".
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Structural concerns were also addressed during calibration. The

probes were moved along the r axis for various helix angles. No damage or

significant deflection of the probes was observed for the loads exerted by

the no swirl case, so it was decided that the probes could withstand the

loads in the vortical flow.

The probe data is presented only for the matched exit pressure condi-

tion. However, any variation in the plenum chamber total pressure did

cause a variation in the nozzle exit pressure. Therefore, the exit pres-

sure was held as close to 14.7 psia as was possible. In order to take

these variations into account, the results are normalized by their respec-

tive total property at the plenum chamber. Table 5.1 contains the average

total property values at the plenum chamber for the various swirl cases.

At a radial distance of -0.5" the probe was located directly above the

nozzle lip and therefore the data obtained at this location were at times

inconsistent when compared with other data. The radial distance for the

probe data is presented as both positive and negative values. This was

used to represent the sides of the flow relative to the center.

5.2.1 Five Hole Pressure Probe

Figure 5.6 shows the dependence of the pressures from the five hole

pressure probe upon yawing of the probe in the no swirl case. This figure

contains two sets of data and the waiting time between the recording of

each data point was i0 seconds. The waiting time was obtained by acquiring

a sequence of data from a yaw angle of i0 ° to -i0 ° to I0 ° again in incre-

ments of 2°. This sequence, or hysteresis loop, was repeated with

different waiting times until the data was found to be repeatable. This

same method was also employed in the calibration of the other probes and

was used in deciding on the proper waiting time for the other swirl cases.

These data were compared to the calibration of Gaillard s_ in a Mach 2.0

flow and were found to be similar. The center hole (pitot pressure) was

insensitive to flow alignment within ±5-i0 ° and the pitot pressure compared
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favorably with the value of II - 0.628 calculated assuming quasi-one-
[PoJ

dimensional, isentroplc flow and a nozzle exit to throat area ratio of 2.

The two holes used to align the probe with the flow, I and 3, had slope

magnitudes that were similar. The two holes not used for nulling, 2 and 4,

showed almost no sensitivity to the yaw angle.

The zero helix angle was defined to be the angle at the axis for the

no swirl case. The helix angle for the other swirl cases was referenced to

the zero helix angle. Therefore in the other swirl cases, the five hole

pressure probe was nulled to the nearest degree, so the difference in pres-

sure between holes i and 3 was approximately zero. Then pressure readings

were taken at ±5* out of alignment wlth the flow. The true helix angle of

the flow was then interpolated from these three points. Since the pitot

pressure showed little sensitivity to alignment within ±i0" of the flow,

the pltot pressure was not interpolated. In the swirl cases, the static

pressure probe and total temperature probe were aligned with the flow by

locating them at the angle interpolated from the five hole pressure probe

data.

5.2.2 Static Pressure Probe

The variation of static probe pressure with yaw angle is shown in

figure 5.7 which contains two sets of data. The waiting time between sam-

piing of data points was I0 seconds. The repeatability of the data was

within 3%. Since the static pressure probe was sensitive to alignment, it

needed to be aligned within 2* of the flow. In the vortical flow, the

probe was aligned with the flow using the five hole pressure probe data and

the static pressure was measured. However, to indicate that the probe was

properly aligned, static pressures were also recorded at ±5 ° to the flow

alignment. Symmetry of the measurements at ±5 ° indicated that the static

pressure was measured correctly.
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5.2.3 Total Temperature Probe

In Section 5.1.3 it was indicated that the thermocouple bead in the

total temperature probe may have been displaced from its proper position

during data aqulsition. It is not known if this displacement affected the

temperature results. Regardless, the results are presented and another

probe is being designed to either confirm or dispute these results. Figure

5.8 shows the effect of the yaw angle on the total temperature probe, only

one data set is shown on this figure. A I0 second interval was used be-

tween the aqulsition of each data at each location. At a radial distance

of ±0.25" the total temperature profiles were similar. However, the total

temperature profile at r - 0.25" showed more variation with the yaw angle.

The profile at the center of the jet showed almost no variation with the

yaw angle. Even though the total temperature probe was insensitive to

alignment, it was aligned with the vortical flow during data aquisition to

avoid disturbing the flow too much. Although there probably should not

have been a total temperature variation across the jet in the no swirl

case, the total temperature values were between 1-2% lower at a radial dis-

tance of 0" than ±0.25". The total temperature variance could have been

caused by the displaced thermocouple bead.

5.3 Results

The results obtained from the five hole pressure probe, static pres-

sure probe, and total temperature probe are presented below. These include

both the measured and derived results, which are compared with the

theoretical calculations described in Appendix A. Probe results were ob-

tained for four swirl cases: no, low, medium, and high. Data are shown

for -0.65"<r<0.25" at x - 5/16". However, the derived results are shown

for -0.5"<r<0.25" and the theoretical calculations are shown for

-0.5"<r<0.5". It was desired to obtain data as close to the nozzle exit as

possible. A height of 5/16" was chosen, because the holes on the static
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pressure probe were approximately 1/4" from the probe tip. Also, some ex-

tra height above the nozzle exit was desired, since icing occurred on the

nozzle after long run times and it was desirable to have the probe avoid

the ice as it moved in and out of the flow. The viscous core for the probe

results is defined as the the diameter of the flow from the positive peak

helix angle to the negative peak helix angle.

5.3.1 Five Hole Pressure Probe

The five hole pressure probe results consisted of one set of data for

the no swirl case and two sets of data for the other swirl cases. The

helix angle, 0, was measured directly using the five hole probe and the

results are shown in figures 5.9-5.12. For the no swirl case, 8 was less

than I °, except at the edge of the nozzle. The low swirl case results

agreed favorably with the theoretical calculations up to the edge of the

viscous core where viscous effects were presumed large. The theoretical

calculations were inviscid, so they did not agree with the experimental

results in the viscous core. The 0 peak of 28 ° was reached at -0.2" and

the vortical flow was symmetric so that at r - 0.2", 0 was -28 ° . There

were less data points recorded in the viscous core due to the longer

response time of the probe. For example, at r - 0 it was necessary to wait

40 seconds for the measurement to settle to ensure repeatable results. The

results for the medium swirl case were almost identical to those of the low

swirl case. The high swirl case results agreed with the theoretical cal-

culations only at the outer region of the flow. A peak value of 33 ° for 0

was obtained in the high swirl case at a radial distance of -0.25", which

indicated that the viscous core was slightly larger in the high swirl case.

Since in the movement of the probe only one rotational degree of

freedom was available, the radial angle, 4, could not be measured by null-

ing the probe. However, using the calibration information from holes i and

3 with the measured pressures of holes 2 and 4, 4 was calculated. The

equation for the pressure difference across holes i and 3 as a function of

0 was in the form of:
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nP3_ I - e0 + f (5.11)

This equation was converted into an equation for 4:

AP4_ 2 - e_ + g (5.12)

Equations 5.11 and 5.12 had the same value for e, and g was set equal to

the pressure across holes 2 and 4, when _ was equal to zero (determined at

the axis of the no swirl case). Equation 5.12 was slightly rearranged to

provide 4:

AP4. 2 g

- e (5.13)

Using this relationship _ was calculated for all the swirl cases. As

figures 5.13-5.16 indicate, the radial velocity pointed outward and the

radial angle varied linearly with the radial distance up to approximately

4 ° .

The pitot pressure results are shown in figures 5.17-5.20. The pitot

pressure results are not discussed, but rather the derived total pressure

results are discussed in Section 5.3.4.

5.3.2 Static Pressure Probe

Figures 5.21-5.24 show the static pressure results with one set of

data for the no swirl case and two sets of data for the other swirl cases.

Also shown in these figures are the calculated static pressures using the

method of Appendix A. For the no swirl case, the static pressure derived

from the pltot pressure and the plenum chamber total pressure (equations

5.5 and 5.2) is also shown. This data set is indicated by the triangles.

This same type of calculation was not done for the other swirl cases, be-

cause the total pressure could not be considered constant in the nozzle.

The comparison between the calculated static pressure, the static pressure

derived from the pitot pressure and plenum chamber total pressure, and the

directly measured static pressure, also provided an estimate of the maximum

error. It is assumed that the measured static pressure was in error, due
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to imperfections in the probe. The calculated static pressure was not cor-

rect, because it assumed that the nozzle was perfect. The static pressure

derived from the pitot pressure and plenum chamber total pressure was in

error due to uncertainties in these pressures and in the assumption that

the total pressure was constant in the nozzle. Therefore, the maximum er-

ror in the static pressure measurements was 12% and the real error was

probably less than this amount.

The waiting time for the other swirl cases was increased from i0 to

40 seconds. The static pressure measurements compared favorably with the

theoretical calculations up to the viscous core and showed the symmetry of

the vortical flow. The theoretical viscous core is defined as the region

of zero static pressure, which is indicatedby the theoretical calculations

shown in figures 5.22-5.24. In fact, the theoretical viscous core compared

favorably with the viscous core.

5.3.3 Total Temperature Probe

The total temperature results are presented in figures 5.25-5.28.

The effect of the misplaced bead may have caused some of the inconsis-

tencies in the results. One data set is presented for the no swirl case,

but two data sets are shown for the other swirl cases. The total tempera-

ture results showed a variation of Tol/T o across the jet for the no swirl

case between 0.97 and 0.99, where this quantity was expected to be 1.0. A

drop in total temperature occurred at the center of the jet. The other

swirl cases were expected to have a small drop in total temperature in the

viscous core of the vortical flow. A waiting time of 20 seconds was re-

quired for the viscous core total temperature measurements. The total

temperature drop was about 10% for the low swirl case and 15% for the

medium and high swirl cases. The total temperature profile was not per-

fectly symmetric. Also in the high swirl case at a radial distance of

-0.25", a large significant increase in total temperature occurred. This

behavior may have been caused by the misplaced bead. However, a similar
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but less profound increase occurred in the low and medium swirl cases. By

conservation of energy, a total temperature decrease at one location must

be accompanied by an increase elsewhere. Therefore, the total temperature

increase at r - -0.25" may have occurred because of the total temperature

drop in the viscous core. Thus, this result may have been real, and not

experimental error.

5.3.4 Derived Results

In this section, each set of results is represented by only one set

of data points. Where multiple data points were acquired, they were

averaged together to obtain the derived result at a given location. For

example, the Mach number was calculated using Po2 and P, which were each

measured twice, so these two values were averaged together and then used to

calculate the Mach number. The equations used to derive the results

presented below are described in Section 5.1.5.

The Mach number results are shown in figures 5.29-5.32. The no swirl

case results derived from P and Po2 (experimental method #i) were within

10% of the theoretical calculations. However, the results derived from Po

and Po2 (experimental method #2) were within 5% of the theoretical calcula-

tions. The low and medium swirl results showed similar trends with respect

to each other. However, the high swirl case had a higher peak Mach number

(M - 3.3), but the results were not symmetric. The Inviscid theoretical

calculations suggested that the Mach number approaches infinity in the vis-

cous core. In fact, the experimental results indicated that the Mach

number decreased in the viscous core.

The Mach number and pitot pressure were used to calculate the total

pressure. These results are presented in figures 5.33-5.36. Pol should

have been equal to (or at least less than) Po for the no swirl case.

However, the error was as large as 26%. Therefore, using Pol " Po and the

pitot pressure, the static pressure was calculated to determine how large
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an error in the static pressure would cause Pol_Po. These results are

presented in Section 5.3.2 and show that errors in static pressure up to

12%are possible. The total pressure results for the other swirl cases in-

dicated that the total pressure cannot be considered constant. These

results showedthat the nozzle boundary layer and viscous core occupy most

of the flow. In fact, the high swirl results showedthat the nozzle bound-

ary layer and viscous core occupy all of the jet.

The axial componentof M*, Mx* (axial velocity), is shown in figures

5.37-5.40. Both sets of results for the no swirl case agreed with the

theoretical calculations. The low swirl experimental results showeda

slight increase in the axial velocity near the center of the viscous core.

M* was noticeably lower on the negative side of the radial distance than
X

the positive side. The medium swirl results also indicated a slight in-

crease in axial speed near the viscous core. The experimental results on

the outer region did agree with the theoretical calculations The M*
• X

results for the high swirl case were erratic. An Increase was indicated

near the viscous core; however, at a radial distance of 0.15" a low value

was obtained. At a radial distance of 0.25", _ had returned to its ex-

pected value. The sudden decrease at r - 0.15" may have been caused by an

erroneous measurement in the pltot pressure, static pressure, or total tem-

perature.

The tangential component of M* *, M 8 (tangential velocity), results are

shown in figures 5.41-5.43. Since the value of M 8 was nominally zero for

the no swirl case, no results are shown. The trends of M 9 for the low,

medium, and high swirl cases were similar. A modest increase in the peak

of M_ was observed as the swirl was increased. The peaks were ap-

proximately located at a radial distance of -0.25". The theoretical

results compared favorably with the experimental results in the outer
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region. However, the theoretical calculations suggested that M 8 approached

infinity in the viscous core; whereas, it actually approached zero.

Figures 5.44-5.47 show the static temperature results. Since the to-

tal temperature probe results may have been in error due to the misplaced

thermocouple bead, the static temperature results may also be in error.

The experimental method #2 results for the no swirl case agreed more

favorably with the theoretical calculations than the experimental method #I

results. The low, medium, and high swirl results were all similar. The

static temperature profile for the high swirl case was about 10-15% lower

than the low and medium swirl cases. The outer region results for the low

and medium swirl cases agreed with the theoretical calculations. However,

the theoretical calculations indicated that the static temperature would be

zero in the viscous core. Actually, a small increase in static temperature

occurred in the viscous core.

Figures 5.48-5.51 show the static density results. The results from

experimental method #I, except for the nozzle edge value, were in almost

exact agreement with the results from the Rayleigh scattering from a laser

light sheet for the no swirl case. Is The results from experimental method

#2 did not agree as well with the Rayleigh scattering results. However,

all three experimental techniques agreed reasonably well with the theoreti-

cal calculations. The low swirl probe results indicated a lower density in

the viscous core than the Rayleigh scattering results. Also, the probe

results agreed more favorably with the theoretical calculations than the

Raylelgh scattering results. No Raylelgh scattering results were available

for the medium and high swirl cases. The medium and high swirl probe

results indicated a larger region of low static density when compared with

the low swirl probe results.
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6.0 SUMMARY AND CONCLUSIONS

The objective of this investigation was to verify that the vortical

flow apparatus was functioning properly and therefore, begin to quantify

the effect of swirl on a supersonic jet. Flow visualization techniques

were used to provide a primarily qualitative analysis of the flow.

Intrusive measurement techniques were used to provide quantitative results,

which were compared with inviscid theoretical calculations and Rayleigh

scattering from a laser light sheet. 13

Shadowgraphy, conventional schlleren, and focusing schlleren were the

flow visualization techniques used to provide a preliminary understanding

of the flow. The vertical and horizontal knife edge orientations were both

used with the conventional and focusing schlieren systems. The no, medium,

and high swirl cases were analyzed at the overexpanded, matched, and under-

expanded exit conditions. The shear layer growth rate was obtained from

the images of focusing schlieren with a horizontal knife edge at the

matched exit condition. Rayleigh scattering from a laser light sheet was

also used. Is The no swirl case results indicated that the jet was slow to

spread when compared with an incompressible jet. However, an increase in

swirl caused an increase in the shear layer growth rate, which indicated an

increase in mixing. The shear layer growth rate of the high swirl case was

approximately 4.4 times that of the no swirl case. An examination of the

flow visualization results showed that the complex shock structure, which

was visible in the no swirl case was less apparent in the other swirl

cases. Signs of vortex breakdown were apparent in the overexpanded condi-

tion. The medium swirl case images from focusing schlieren with a

horizontal knife edge were compared with Metwally, Settles, and

Horstman's 12 hypothetical flow model of vortex breakdown at supersonic

speeds. These results contained many of the same features as those in the

hypothetical model.

A five hole pressure probe, a static pressure probe, and a total tem-

perature probe were used to obtain quantitative flowfield results for the

matched exit condition. The data were obtained for the no, low, medium,
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and high swirl cases at a height of 5/16" above the nozzle at

-0.65"<r<0.25". The probes were calibrated in the no swirl case. The five

hole pressure probe provided flow angles and pitot pressure results. Helix

angles as high as 33 ° were obtained for the high swirl case. The viscous

core diameter was determined to be approximately 40% of the jet exit

diameter for the low and medium swirl cases and 50% for the high swirl

case. Static pressure measurements indicated low pressures in the viscous

core. At r - 0, static pressure measurements of about 0.7 psla were ob-

tained for the low, medium, and high swirl cases. The thermocouple bead of

the total temperature probe became lodged in one of the vent holes, which

may have caused some error in the total temperature measurements. The to-

tal temperature results were not perfectly symmetric and dropped in the

viscous core. The measured flowfleld properties were used to derive other

properties, such as the Mach number, total pressure, and static density.

The total pressure was calculated from the pitot and static pressures and

values of about 12 psia were obtained in the viscous core. The derived

results were compared with theoretical invlscid calculations, which were

found to be in good agreement with the experimental results in the outer

region of the vortical flow. However, the theoretical calculations did not

compare favorably with the high swirl case, where the viscous core occupied

most of the flow. The trends were similar for the low, medium, and high

swirl cases for the derived results. The static density results for the no

and low swirl cases agreed with the Rayleigh scattering from a laser light

sheet. *s Therefore, the intrusive measurement techniques provided quan-

titative results, which were compared with theoretical Invlscld

calculations and non-lntruslve measurements.

Tangential injection was proven to be a viable method to produce a

high axial speed compressible flow. Preliminary results indicate that

swirl increases mixing. However, more research is required in order to ob-

tain a complete understanding of high axial speed compressible flows.
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7.0 RECOMMENDATIONS

The objective of this investigation was to create a high axial speed

compressible vortical flow and obtain both a qualitative and quantitative

understanding of the flow. However, if adding swirl to a flow is to become

a viable mixing aid in scramJet applications, a more detailed study is

needed. Thls section provides some recommendations for future investiga-

tions.

The probe surveys showed the symmetry of the vortical flow. However,

these surveys were for only 3/4 of the exit plane diameter. Also, the sur-

veys were taken only at the location x - 5/16". Since the conditions that

exist at the exit plane are the initial conditions for any future CFD work,

a detailed survey of the exit plane should be taken. This means changing

the current set up, so that the probe could traverse the entire diameter of

the nozzle. Once this is done, more surveys should be taken to provide a

detailed mapping of the exit plane. This would help to confirm that the

flow is axlsymmetric and also help to determine if the intrusion of the

probe disturbs the flow.

In mixing studies, the exit region of the injector is not the only

area of concern. The area downstream of the injector is also examined.

This would provide results of whether or not mixing occurred or how rapidly

it occurred. For this reason, it is recommended that a region several

nozzle diameters above the exit plane be surveyed. This would also give

some quantitative results in the areas of concern, specifically vortex

breakdown for the overexpanded case. However non-lntrusive measurements

would be required, because probe interference could cause invalid results

to be obtained in the region near breakdown.

It would also be desirable to study any Mach number effects on the

vortical flow. Therefore, it is recommended that a set of different

nozzles be designed, which would allow for the Mach number to be varied.

A major concern with the use of intrusive measurement techniques is

that the probes may cause disturbances in the flow. This may result in an

inaccurate measurement of the flowfield properties. If the manufacturing
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problems can be corrected, it is suggested that even smaller probes be used

in the vortical flow. This would give an estimate of the effect that the

probes used in this investigation had on the flow.

Finally, to complete the main objective of the on-golng investigation

at NASALaRC, it is recommendedthat vortical flow injectors be incor-

porated into a scramjet configuration. This configuration could then be

tested to determine if vortical flow injectors enhance mixing at flight

conditions.
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APPENDIX A

These calculations were performed by Dr. A. D. Cutler with contribu-

tions by Dr. R. W. Barnwell, and some of the results are presented by

Cutler and Levey. *s The nozzle and tangential injection holes were sized

by the calculations below, which are also the theoretical calculations

presented in Chapter 5. The calculations assumed steady state, isentropic,

axisymmetric, quasl-one-dimensional (radial velocity is zero) flow in the

nozzle. According to conservation of angular momentum, the fluid passing

through the nozzle is required to have a uniform angular momentum, Vr-Vnrn,

since all of this fluid enters through the tangential injection holes at a

radius r n with velocity V n. The flow in the nozzle is considered to be Jr-

rotational due to Crocco's theorem, _8 since enthalpy and entropy of the

flow is constant. Therefore, assuming no radial velocity and using

Vr-a*r*, the nozzle mass flow rate is:

w
a

r

_w

mf - _ #Uzr*2d_ 2

_c

(A.I)

is defined as the speed of sound in an isentropic nozzle where M - 1 and

* M* 0 Assuming isentropicis defined as the location where M 8 - 1 and x - "

flow of a perfect gas:

Define _c as:

mf 2 + (v-l) M2

@ - * * *2 - (7+1)
par

-1/(_-l)

M:_d_ 2 (A.2)

M 2 - (A. 3)

(_+i) *2] -1/2"c-[(v-l) " Mx (A.4)
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From equation A.3, M_ as _cand for _<_c' the Mach number is imaginary.

Therefore, _c is the lower limit of integration for the mass flow rate. In

the region O<_<_c, the pressure and density are zero; however in compres-

sible vortical flows, viscous effects will prevent zero pressure and

density values in the core.

Figure A.I shows ¢ as a function of the non-dimenslonal streamwise

M_, and the radius, _w' for air. The results show that avelocity,

converglng-diverglng nozzle can be used to create a high axial speed com-

pressible vortical flow.

d[_ 1 M* is re-It is required that = 0 by the conservation of mass. x

lated to _w at the throat by differentiating • with respect to x at

constant _w:

t (7+1)7)

The mass flow rate through the tangential injection holes must be equal to

the mass flow rate in the nozzle:

PnAnV n - Cp*a*r .2

IAnlSlightly rewritten to solve for _ , equation A.6 becomes"

w,t

rw,t LPnJL"w,tJ

Assuming the radial and axial velocities are zero at the injectors and

using Vnrn-a*r*, the equation for is:

(_-i) n - I

(A.6)

(A.7)

(A.8)
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An initial guess of M* is required and with this guess _ and _w,t can bex,t

determined using equations A.2-A.5. _e design par_eters, rn and rw,t,

are assumed to be know and therefore _ can be calculated using equa-

w,t

tions A.7-A.8. However, if A n is kno_, then an initial guess of _,t is

required and an iteration is carried out until the proper convergence of

JAnILL
is met. _ at the nozzle exit can now be dete_ined, given rw, e

w,t

and rw, t by using figure A.I or an equivalent n_erical routine.

Conditions at station 1 can be determined assuming zero radial and axial

velocities.

The theoretical calculations presented in Chapter 5 can now be deter-

w

mined. The non-dimensional tangential velocity, M 8 , is determined from:

[rr, ,t i

M 8 -

The Mach number based on sonic conditions, M*, can be calculated:

The Mach number can be determined using M*:

1M*2

M - i) (_-l)

2 M*2

The helix angle, 0, is calculated from:

(A.9)

(A.10)

(A.II)

(A.12)

The static pressure, temperature, and density can be determined using the

following isentropic relationships:

49



T [ _l_ ]-I_o-i÷ i .2 (A.13)

P_o- i + _ M2

-_l(_-l)
(A.14)

7o=p [ (?'I) ] "I/(v'I)I+ _ M 2
(A.15)

The mathematical technique described above fails for the no swirl case, be-

cause the tangential velocity is zero in the no swirl case. However, the

assumptions of isentropic, quasi-one-dimenslonal flow were used in the

theoretical calculations for the no swirl case.
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